There has been much controversy concerning the changes in blood volume which occur in the presence of arteriovenous fistulas. The large number of vascular injuries treated at Ashford General Hospital during the recent war offered an unusual opportunity to study this problem. This paper reports observations on the blood volume changes in a group of 41 such patients studied before and after operative removal of an arteriovenous fistula.
There has been much controversy concerning the changes in blood volume which occur in the presence of arteriovenous fistulas. The large number of vascular injuries treated at Ashford General Hospital during the recent war offered an unusual opportunity to study this problem. This paper reports observations on the blood volume changes in a group of 41 such patients studied before and after operative removal of an arteriovenous fistula.
In 1924 Holman (1) reported his studies on animals with arteriovenous fistulas. He used the brilliant vital red method of blood volume determination, obtaining a single dyed specimen four minutes after the injection of the dye. He found that the blood volume increased in the presence of a fistula. Later he reported similar blood volume studies in patients with arteriovenous fistulas (2, 3) ; in most instances there was a reduction in blood volume following removal of the fistula. In their studies on blood volume Rowntree and Brown (4) included seven patients with arteriovenous fistulas, three of whom had congenital lesions. Although the average blood volume was slightly above the normal value, in only one patient was there a distinctly increased blood volume. Pemberton and Saint (5) reported finding a slightly elevated value in a single patient with a congenital communication between artery and vein. Reid and McGuire (6) expressed doubt regarding the blood volume changes in view of their findings on three patients studied before and after operation. In one patient there was essentially no change in blood volume; in another, a postoperative decline of 600 cc.; and in the other, a post-operative drop of 1,000 cc. and nine months later, a return to the preoperative volume. In two experimental animals they found that a slight increase in blood volume accompanied the fistula. Using the blue dye T-1824 in a single case, Ellis and Weiss (7) found the blood volume within normal limits, but they did not repeat the measurement postoperatively. Kennedy and Burwell (8) reported a large value in a patient with multiple communications between artery and vein. The volume decreased after operation, but later fluctuated considerably as the fistula recurred.
There are many theoretical and practical objections to the methods used in the earlier studies and more recent observations have been inadequate in number. Therefore, the studies reported here were made.
METHODS
All determinations reported here were made on patients under basal conditions, at least 12 hours after the last meal and before arising in the morning. The plasma volume was measured using the blue dye T-1824 recommended by Gregersen, Gibson, and Stead (9) . All blood samples were taken from the antecubital veins, using a dry syringe, and avoiding the hemoconcentrating effect of a tourniquet. After obtaining a dye-free sample, 3 cc. of an 0.1 per cent solution of the dye was injected from a calibrated syringe, and the syringe was rinsed three times with blood. Care was taken to prevent and note any extravascular loss of the dye. Exactly 10 minutes after the dye injection, a dyed sample of blood was obtained, again with precautions against hemolysis and hemoconcentration. In some patients, but not all, an inlying needle was left in place and serial samples obtained in order to determine the rate of disappearance of the blue dye.
The blood samples were placed in small tubes under a layer of mineral oil, allowed to clot and retract, then were centrifuged gently. The In 18 patients (44 per cent), after removal of the fistula there was a decrease in blood volume from 200 cc. to 1,060 cc. per square meter body surface. In many instances these changes were confirmed by repeated observations. On the other hand, in none of the patients was there a significant increase in blood volume following operation.
The hematocrit readings varied slightly, most often showing a tendency to fall somewhat after operation. Therefore, the calculated red blood cell volume underwent similar changes. The hemoglobin and total protein concentration did not undergo marked alteration. The cardiac output data and changes in heart size have been described in detail elsewhere (14) .
There has been wide use of the blue dye T-1824 (9) in the determination of plasma volume. In the present studies the disappearance of the dye was plotted semilogarithmically as recommended by Gregersen and Rawson (12) . More recently Gregersen (13) has suggested that in certain situations a single dyed specimen obtained 10 minutes after dye injection is almost as reliable as an extrapolated value for dye concentration obtained from the disappearance curve of the dye. He found this true in normal patients and patients in shock. In the case of many patients reported here there were obtained both 10-minute samples and multiple specimens for plotting the disappearance slope of the dye. There was no evidence that the disappearance rate of the dye was affected by the presence of the arteriovenous fistula, and the plasma volume as calculated by the two methods did not differ significantly. It must be remembered, however, that none of these patients had frank congestive heart failure. It is possible that the prolonged mixing time of cardiac failure might invalidate the 10-minute point method. Because of the limited time that the patients were available, and because multiple determinations were made on a large group, the 10-minute point method was used extensively.
The calculation of the total blood volume from the hematocrit reading and the plasma has been subject to criticism (16, 17) . This is primarily because the peripheral venous hematocrit reading is imperfect from the standpoint of indicating the proportion of cells in the blood in flow, and because the plasma trapped among the cells in centrifugation prevents arrival at a true cell-plasma ratio by hematocrit reading. Despite the handicaps, a value determined by this means may serve many useful purposes. It appears particularly useful in measurements, such as these reported here, where comparative observations are made on the same person who has minimal hematocrit changes.
Because it appears to be at the expense of the ratio of cells to plasma that the body maintains the total blood volume at a constant level, we found the total blood volume the most stable and useful value for these studies. Since the body can mobilize fluid and protein with relative rapidity, the plasma volume appears to vary to compensate for changes in the red cell volume. Studies on the effect of simple hemorrhage show that these changes in plasma volume first occur with a slow readjustment of the red cell volume and hematocrit reading to the normal value (18) . Similar changes may be seen soon after an operation, with its accompanying blood loss and dehydration. Because of this, the plasma volume is subject to much more fluctuation than is the total blood volume, and knowledge concerning it was of less value in these studies than was evidence of changes in the total blood volume. Although some of the postoperative measurements reported here were made relatively early following operation, an effort was made to delay them long enough to avoid any immediate effects of the operation. Only observations made 10 days or more after operation were used in the calculation of the normal values. Almost all of the patients were ambulatory by this time. The values obtained fell in the same range as those reported previously for normal male subjects, the average blood volume being near 2,800 cc. per square meter of body surface (19) .
The results of these studies are expressed graphically in Figure 1, crease in blood volume greater than 200 cc., 18 patients (44 per cent) had a decrease of more than 200 cc. Insofar as could be determined, this decrease was not related to any technical errors or to any incident of the operation or convalescence not directly related to the removal of the arteriovenous fistula. In several instances repeated observations before and after operation verified the presence of the change, and revealed that the decline was in progress by three days postoperatively, and was apparently complete by 10 days. Observations were not made earlier than three days postoperatively because it was felt that changes incident to the operation might cause alterations in blood volume not due to the actual removal of the fistula.
The findings reported here are in agreement with earlier reports that blood volume may be significantly elevated in patients with arteriovenous fistulas. It is not a consistent reaction, however, as changes were noted in only less than half of the patients studied. In an attempt to elucidate the cause of this blood volume change, an effort was made to relate the blood volume change with other alterations in the circulation.
It appears that the size of the fistula is a major factor in determining the increase in blood volume. For instance, two of the four patients with the greatest -change in blood volume had fistulas involving the iliac vessels. However, the actual size of a fistula is difficult to determine. Clinical evidences, such as the size of the vessels involved and the intensity of the thrill or murmur, give some evidence, although not entirely accurate, regarding the magnitude of the shunt. Actual measurement of the fistulous opening upon operation has not proved successful because of the variable de- In many patients with arteriovenous fistulas the resting level of cardiac output is above normal (14) . Since the elevation of the cardiac output above normal might be proportional to the size of the fistula, correlation of the increase in blood volume with the increase in cardiac output was attempted ( Figure  2) . To avoid the considerable range in basal cardiac output from person to person, the blood volume change was plotted against the per cent of deviation from normal of the cardiac output in the particular patient observed. In other words, if the preoperative cardiac output was twice that found as the postoperative basal value, a 100 per cent increase in cardiac output was plotted. The correlation coefficient was 0.26, a value which indicated that the correlation was not good. It appears, however, that the size of the fistula may be at least one of several factors in the changes leading to an increased blood volume.
It has repeatedly been observed that in patients with arteriovenous fistulas the heart size, determined roentgenologically, may become abnormally large, and after the fistula is removed, it returns to normal size (20) . Since there is evidence to suggest that the heart size is related to the blood volume, these two findings were correlated. Twenty-nine of the patients had satisfactory teleoroentgenograms of the heart made before and after operation. In many instances there were repeated observations. The change of blood volume was plotted against the change in the transverse diameter of the heart in Figure 3 . The correlation coefficient of value 0.36 indicates that a significant degree of correlation was not present. This is not entirely surprising in view of recent evidence that in normal subjects the rapid increase in blood volume of about 1,000 cc. failed to produce a distinct change in heart size (21). Holman found a change in heart size in dogs upon increasing or decreasing the blood volume, but he studied changes of much greater magnitude than seen in patients with arteriovenous fistulas ( 1 ) . A change of 500 cc. in a dog such as he studied is equivalent to a change of approximately 4,000 cc. in a human. In neither of the afore-mentioned studies was the increase in blood volume accompanied by an increase in extracellular fluid volume, which if present might alter the situation considerably. It appears likely that other factors, such as the increased demand on the heart, play a major role.
An attempt was made to relate the increase in blood volume to the duration of the fistula. Our data are not satisfactory for this purpose, however, because so few patients had Our results demonstrate that in some patients with arteriovenous fistulas there is a significant increase in blood volume. After operative removal of the fistula, the blood volume, if elevated, returns to normal. Since the basic factors controlling blood volume in the normal person are so little understood, it is not surprising that we cannot explain the increased blood volume in these patients.
It is possible that with some large venous channels engorged with blood, the mechanisms controlling the blood volume might be misled. Since the amount of blood remaining in the rest of the vascular bed would be less than normal, increased production of blood might be stimulated. This could be the basic mechanism causing the increased blood volume. There is also the possibility that the increased venous pressure in the region of the fistula may dilate the vascular bed in that region, thus increasing its capacity for blood and spurring the demand for more blood.
It has been suggested that the increase in blood volume seen in patients with arteriovenous fistulas merely represents the increase in blood volume seen in patients with any type of congestive heart failure (6) ; that is, it may be the increase in blood volume of cardiac failure rather than that of arteriovenous fistula per se. Although none of the patients observed in these studies developed the complete clinical picture of cardiac failure, it cannot be denied that there may be a similar mechanism in the causation of their increased blood volume.
SUMMARY AND CONCLUSIONS 1. Observations on the blood volume have been made before and after operative removal of an arteriovenous fistula in 41 patients.
2. In 56 per cent of the patients there were changes in blood volume of less than 200 cc. per square meter of body surface. This was not considered a significant-variation.
3. In 44 per cent of the patients the decrease in blood volume after operation ranged from 200 cc. to 1,060 cc. per square meter of body surface, indicating an abnormally large blood volume in the presence of the fistula. 4 . The relationship of the change in blood volume to the size and duration of the fistula, the cardiac output, and the changes in heart size have been studied. In general, the patients with an elevated blood volume were those with clinical evidences of a functionally large fistula.
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